Abstract. Ground-based pyranometer measurements of the (clear-sky) broadband surface albedo are affected by the atmospheric conditions (mainly by aerosol particles, water vapour and ozone). A new semi-empirical method for estimating the magnitude of the effect of atmospheric conditions on surface albedo measurements in clear-sky conditions is presented. Global and reflected radiation and/or aerosol optical depth (AOD) at two wavelengths are needed to apply the method. Depending on the aerosol optical depth and the solar zenith angle values, the effect can be as large as 20 %. For the cases we tested using data from the Cabauw atmospheric test site in the Netherlands, the atmosphere caused typically up to 5 % overestimation of surface albedo with respect to corresponding black-sky surface albedo values.
Introduction
Satellite-based surface albedo products require long-term validation using continuous surface albedo measurements, which need to be made with the highest possible accuracy and free of atmospheric influence. For example, the validation of the CM-SAF SAL (Satellite Application Facility on Climate Monitoring; Surface ALbedo; Schulz et al., 2009) product has two main strategies: large areas are validated with airborne measurements or individual pixels are validated with continuous ground-based measurement results during long periods, preferably covering seasonal variation (Riihelä et al., 2010) .
The black-sky and white-sky albedo quantities represent the extreme cases under completely direct and completely diffuse illumination (Pinty et al., 2005; Román et al., 2010) .
In addition, the black-sky albedo is understood to represent the situation where no atmosphere exists, i.e. it is a property of only the surface (and the illumination spectrum of the Sun). The atmospheric correction needed for the retrieval of surface albedo using satellite data has been studied for several decades and various solutions have been proposed (Martonchik et al., 1998; Strahler et al., 1999; Govaerts et al., 2006; Pinty et al., 2007; Carrer et al., 2009; Rahman and Dedieu, 1994; Lyapustin et al., 2011a,b) . In addition, the influence of the sky radiance distribution, including the effect of aerosol particles, on the spectral albedo has been studied in detail (Lewis and Barnsley, 1994) . The emphasis has been on the difference between the albedo values obtained in clear/partly-cloudy sky (blue-sky) or cloudy sky (white-sky) conditions and conditions without atmosphere (black-sky).
Validation of the black-sky and white-sky albedo values is complicated by the facts that (1) a satellite never observes the Earth surface in black-sky conditions, (2) ground-based continuously observing instruments do not measure the surface black-sky albedo because of the intervening atmosphere (instruments receive radiation already attenuated by the atmosphere), (3) a satellite instrument cannot detect the surface radiance in white-sky conditions because clouds obscure its view and (4) the spatial land cover heterogeneity affects the satellite-based albedo value but typically not markedly the ground-based albedo value. Spectrogoniometers can be used for black-sky albedo estimation, but then the target characteristics have to remain constant during the measurements, which take about 15 min or more to cover the whole hemisphere with a statistically sufficient number of individual measurements (Peltoniemi et al., 2010) . Also, the blue-sky albedo can be observed by ground-based instruments, but a Published by Copernicus Publications on behalf of the European Geosciences Union.
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satellite-based blue-sky albedo value is a result of observed radiance and a model calculation. The quality assessment of satellite-based black-sky and white-sky albedo values is often based on estimating the accuracy of the blue-sky value and then relating this accuracy theoretically to the black-sky and white-sky albedo accuracy (Román et al., 2010) .
Another alternative is to study the effect of the atmosphere on the ground-based albedo measurements separately and derive estimates for the difference between their black-sky and blue-sky albedo values. This analysis is completely independent of satellite instruments, since they are not involved at all in the estimation of the atmospheric effect. The advantage of this approach is that one does not have to tackle the effect of the atmosphere and the spatial land cover heterogeneity simultaneously when comparing satellite-and ground-based albedo estimates. In this paper we present an approach to derive the black-sky albedo directly from ground-based measurements, and the representativeness of the ground measurement site for the satellite measurements as regards surface homogeneity can be analysed independently. Especially when using a relatively coarse resolution satellite instrument, such as AVHRR, this separation of effects is important.
The broadband surface albedo is measured continuously at several permanent locations using pyranometers, for example by the BSRN network (Ohmura et al., 1998; WRCP, 2007) . A pyranometer senses the heating power of broadband solar radiant flux density on a planar surface. It is designed to measure the solar radiant flux density (in watts per square metre) from a field of view of 180 • . Instrumental error sources of pyranometers have been studied for decades and are well known (Michalsky et al., 1995; Raïch et al., 2007) . Typically the spectral response is good and the cosine correction, which takes into account the difference between the angular response of a real pyranometer and the perfect cosine dependence of an ideal sensor, is essentially only needed when the solar zenith angle is larger than 60 • . Pyranometer measurements used for the validation of satellite-retrieved surface albedo estimates require attention to levelling accuracy, non-perfect cosine response, solar zenith angle and soil moisture effects (Lucht et al., 2000a; Strahler et al., 1999) . Although a lot of thorough scientific work concerning the diffuse and direct fraction of solar radiation has been carried out (e.g. Marsden et al., 2005; Pinty et al., 2005; Kaskaoutis and Kambezidis, 2009) , the effect of the atmospheric optical depth on the pyranometer-measured albedo has thus far not been studied. This effect is important only when pyranometers are used for characterisation of the black-sky surface albedo, because in that case the albedo values are affected by the atmosphere due to the modification of the surface radiant flux density spectra by atmospheric absorption while also scattering, and the relative contributions of direct and diffuse radiant flux density vary with atmospheric optical depth. The main problem is varying cloud cover, but even in completely clear-sky conditions the downward spectral radiant flux density at the surface has a different shape than that at the top of atmosphere (TOA). Because the motivation for this work is to derive the atmospheric correction for ground-based measurements, which in turn are used for validation of satellite-based albedo estimates, only clear-sky cases are of interest. Since the surface albedo is generally wavelength dependent (Liang et al., 2002) , the broadband albedo value measured at the surface is different from the value that one would obtain without the atmosphere (Manninen and Riihelä, 2008) . In this paper we show that variations of up to 20 % may occur.
This result is based on simulations of the atmospheric contribution to the surface albedo that would be measured with a ground-based pyranometer for a range of land cover types, various solar zenith angles and typical aerosol optical depth (AOD) values. The direct and diffuse radiant flux density values are obtained from the SPCTRAL2 model (Bird and Riordan, 1986; Gueymard, 1995 Gueymard, , 2001 ) with the ASTM Standard G173-03 as input for the TOA solar spectral radiant flux density. A simple and robust atmospheric correction was derived by parameterization of the black-sky albedo as function of the corresponding simulated blue-sky albedo, AOD, and diffuse and direct flux densities. This formula is then applied to the broadband albedo, AOD, and direct and diffuse radiant flux density values, all measured at the BSRN Cabauw site, in order to estimate the magnitude of the atmospheric correction related to real albedo data.
The developed method offers a robust way to estimate the magnitude of the atmospheric effect on measured broadband blue-sky albedo data in cases when not enough information is available on the atmospheric characteristics to allow for the use of more refined methods. The need is obvious when using old ground-based albedo data sets, which are not always accompanied by simultaneously measured accurate atmospheric data.
Materials

Spectral atmospheric radiation model
The broadband surface albedo α bb is the ratio of the total reflected radiation and the incoming radiation. In practice only the shortwave part of the spectrum (300-2500 nm) is taken into account. Pyranometers usually measure the total radiation integrated over the bandwidth 305-2800 nm. The surface albedo α bb is related to the solar zenith angle θ z , the reflected short wave radiation R sw , the total short wave radiant flux density I sw at the surface, and the spectral albedo α(λ) via
For direct and diffuse illumination, the black-sky and white-sky albedo (α bbdir and α bbdiff , respectively) are related to the angular dependence of the surface reflectance 
where the BRDF describes which fraction of the reflected radiation coming from direction (θ z , φ z ) is reflected to the direction (θ, φ), where θ z and φ z are the solar zenith and azimuth angles, and θ and φ are the zenith and azimuth angles of the viewing direction. The BRDF is not typically a strong function of the wavelength, but slightly different values are often obtained for the visible and near-infrared wavelengths. The blue-sky albedo α bb is then
where d is the fractional amount of direct radiant flux. If there is no atmosphere, the radiant flux density used in Eq. (1) is the top of atmosphere solar spectral radiant flux density I 0 (λ) (ASTM Standard G-173-03) and the broadband albedo would be the black-sky albedo α 0 bb . However, the presence of aerosol particles, water vapour and gases in the atmosphere requires that both the direct and diffuse contributions to the radiant flux density at the surface are taken into account.
Surface albedo values measured at grazing incidence angles are typically prone to error, and therefore values measured at solar zenith angles larger than 70 • are usually discarded from analysis. For smaller solar zenith angles, the attenuation by the atmosphere can quite accurately be taken into account by assuming that the light propagates in the atmosphere along a straight path. Then the direct solar radiant flux density on a surface normal to the direction of the Sun at ground level I dir (θ z , λ) for wavelength λ is related to the radiant flux density at the top of the atmosphere I 0 (λ) = H 0 (λ)D by (Bird and Riordan, 1986) 
where H 0 is the extra-terrestrial radiant flux density at the mean Earth-Sun distance for wavelength λ; D is the correction factor for the Earth-Sun distance; and T r , T Aer , T w , T o and T u are the transmittance functions of the atmosphere for molecular (Rayleigh) scattering, aerosol attenuation, water vapour absorption, ozone absorption, and uniformly mixed gas absorption, respectively. The direct irradiance on a horizontal surface is obtained by multiplying Eq. (5) by cos θ z . The aerosol transmittance is
where (Bird and Riordan, 1986) cos θ z = cos θ z + 0.15 (93.885 − cos θ z ) −1.253
and τ Aer (λ) is the aerosol optical depth (AOD) at wavelength λ. The AOD wavelength dependence is described by a power law (Ångström, 1929)
where β is the AOD at the reference wavelength λ ref (usually taken at 1 µm) and α A is theÅngström exponent evaluated for the wavelength pair λ 1 and λ 2 . The set of τ Aer and corresponding α A and β values used in this study are given in Table 1 .
To calculate the direct and diffuse solar radiant flux densities at the surface per unit area (I dir (λ) and I diff (λ)), detailed atmospheric measurements are required together with the albedo measurements. In this study we consider only clear-sky cases. Ground-based surface albedo measurements are usually not accompanied by simultaneous detailed atmospheric measurements, which would allow for an accurate atmospheric correction. Hence, a parameterization is developed using computations with a relatively simple but informative radiative transfer model which requires using only a limited and readily available number of atmospheric parameters. The model SPCTRAL2 (Bird and Riordan, 1986; Gueymard, 1995 Gueymard, , 2001 ) was chosen for that reason.
The estimation of the diffuse solar radiant flux density at the surface (I diff (λ)) is much more complex than the estimation of the direct solar radiant flux because it contains components related to the interaction between the atmosphere and the surface. Aerosols affect the direct and diffuse components of the radiant flux density in opposite ways. The larger the AOD, the smaller the amount of direct radiation reaching the surface is, but the larger the proportion of the diffuse radiation. The atmospheric effect is most evident at the shortest wavelengths because the AOD is usually largest at the shorter wavelengths. Also, the increase of the solar zenith angle results in decrease of the direct radiant flux density and increase of the fraction of diffuse radiant flux density due to the longer atmospheric path.
The diffuse radiant flux density computed in SPC-TRAL2 consists of three components: (1) Rayleigh scattering, (2) aerosol scattering and (3) a component that accounts for multiple scatterings of light between the ground and the atmosphere. The diffuse radiant flux density component contains separate transmittance terms for ozone, water vapour, mixed gas, aerosol absorption and aerosol scattering.
Cosine effect of pyranometer measurements
The difference of the true blue-sky albedo value α bb and that observed by the pyranometer depends on the cosine of the (Michalsky et al., 1995; Raïch et al., 2007) . The uncorrected global radiant flux density is the sum of the direct I dir and diffuse I diff radiant flux density values. The radiant flux density I c with the cosine effect taken into account is obtained from
The value of the correction coefficient C dTP is 0.9789, and the correction coefficient C bTP values for all solar zenith angles were in this study interpolated/extrapolated from those at solar zenith angles of 0, 10, 20, 30, 40, 50, 60 and 70 • . The mean Earth-Sun distance was used in the simulations to assess the typical size of a cosine effect. Taking into account the variation of the Earth-Sun distance (Bird and Riordan, 1986) would alter the estimated radiant flux density I c by less than ± 2.5 %. The size of the cosine correction here is expected to be typical of the older sensor types. The data of this study, based on CM22 pyranometers, does not need a cosine correction.
Data
87 individual reflectance spectra of diverse land cover types which were selected from the USGS Spectroscopy Lab data base for the atmospheric simulations: 10 for grass, 19 for forest, 5 for crop, 6 for lichen, 4 for minerals, 18 for man-made materials, 4 for water, 8 for snow/ice and 13 for mixtures of rock, etc. (Clark et al., 2007) . The spectra are shown in Fig. 1 .
Aerosol and albedo data was obtained from the Cabauw Experimental Site for Atmospheric Research (CESAR) (CBW, 51 • 18 15 N, 04 • 55 37 E, −1 m a.s.l., The Netherlands), which is located in flat terrain in the centre of The Netherlands. The surrounding area consists mainly of grassland interrupted by narrow ditches. At the site, which is owned and supervised by KNMI, a consortium of eight Dutch institutes has collectively brought together a suite of instrumentation for atmospheric research, including landatmosphere interaction and cloud, aerosol and radiation interaction. The site consists of a 213 m tall meteorological tower, a remote sensing terrain, a BSRN station and a field for micro-meteorological observations. High quality radiation observations are performed at the BSRN station including an AERONET CIMEL Sun photometer.
AOD is measured at Cabauw using the CIMEL Sun photometer at four wavelengths (440, 675, 870 and 1020 nm) and data are available via AERONET (Holben et al., 1998) . The data are cloud-screened and quality-controlled (Level 2.0). In this paper we used data for the period January-July 2007. In this period the mean value of the AOD at 440 nm was 0.33 with a standard deviation of 74 %. The corresponding values for 870 nm were 0.16 and 73 %. A wide variation of the AOD is observed, which allows for studying the effect of the AOD and the solar zenith angle (using the seasonal variation) separately. The maximum AOD values are very high (1.96 and 1.17 at 440 nm and 870 nm, respectively), thus the data set can be used to demonstrate the effect for a range of aerosol concentrations. The AOD values measured in Cabauw were used as the basis for selecting the AOD range used in the simulation of the atmospheric effect.
One-minute averages of the direct and diffuse solar radiant flux densities measured at BSRN Cabauw were used to estimate the difference between blue-and black-sky albedo in situations when AOD was available (Knap, 2011) . Broadband albedo is measured in Cabauw using Kipp & Zonen CM22 pyranometers with a time resolution of 10 min (Knap, 2012) . No cosine correction was needed for the data. The mean of the albedo was 0.25 with a standard deviation of Fig. 1 . Reflectance spectra used in the study (Clark et al., 2007) . The blue curves represent snow and water, the green curves vegetation, the red curves mixtures, the yellow curves minerals and the lilac curves man-made targets. The snow/water curves contain examples of various melting snow cases, ice and sea water. The vegetation curves contain examples of various tree species, flowers, weeds and grass. The mixture curves contain examples of various rocks, such as basalt and limestone. The mineral curves contain dolomite, magnetite and labradorite sample spectra. The man-made target curves are various kinds of asphalt, bricks, roof tar, roofing felt, tar paper, concrete, wood beam and dust debris. There is no obvious correlation between the surface albedo and the AOD values, so the seasonal variation of the surface and the atmospheric aerosol load are relatively independent. Thus, the data set of Cabauw is well suited for testing the estimation of the effect of the atmosphere on the measured broadband surface albedo.
Simulation of the atmospheric effect on the broadband surface albedo
Simulations of the atmospheric effect on the broadband surface albedo were carried out using the SPCTRAL2 model (Bird and Riordan 1986; Sect. 2.1) and the 87 USGS Spectroscopy Lab land cover spectra and aerosol optical depth values varying in the range observed in Cabauw (Sect. 2.3). The presence of aerosol was accounted for by using the AOD values, at wavelengths of 440 and 870 nm, given in Table 1 .
The maximum value for the AOD at 440 nm was taken to be roughly the highest value observed at Cabauw. The maximum AOD value at 870 nm was then taken to be similar to that at 440 nm. Ozone was included in the simulations for three different concentrations: 0.25, 0.35 and 0.5 atm-cm. Water vapour was accounted for by using the following three concentrations: 0.5, 2 and 3.5 cm of precipitable in a vertical path. The solar zenith angle values used in the simulations were 0, 10, 20, 30, 40, 50, 60 and 70 • . All combinations of the 87 spectra, 37 AOD combinations, 3 ozone values, The simulated blue-sky broadband albedo α bb was obtained using the sum of the modelled direct I dir and diffuse I diff radiant flux densities for the radiant flux density I sw in Eq. (1). The required reflectance spectra were directly derived from the USGS Spectroscopy Lab data base (Clark et al., 2007) . Then only the BRDF was needed to obtain the surface albedo estimate. At this stage the idea was to simulate the variation range of the atmospheric effect for a chosen example set of land cover spectra which covers the wide variation of typical land cover types. Therefore, it was not critical to have the BRDF description for the chosen individual model targets, which are just random representatives of similar targets, but the BRDF descriptions had to be realistic both in size and in characteristics. In addition, as the same BRDF values were used for the black-sky albedo to which the results were compared, the effect of the BRDF is even less important. The BRDF values were obtained using the methods developed for visible and near-infrared bands of satellite instruments (Roujean et al., 1992; Wu et al., 1995) . The spectra were split into a visible and and near-infrared part separated at 750 nm.
The corresponding black-sky albedo values were calculated using the same surface description as for the blue-sky albedo calculation, but I dir in Eq. (2) was taken to be the TOA radiant flux value. The total, visible and near-infrared radiant flux density values (I 0 sw , I 0 vis , and I 0 nir ) at the top of the atmosphere were obtained by integrating the solar radiant flux density spectra (ASTM Standard G173-03) over 305-750 nm for the visible band and over 750-2500 nm for the nearinfrared band. Pyranometers usually measure the radiant flux density integrated over the band 305-2800 nm; however, neglecting the contribution of the band 2500-2800 nm is justified since the radiant flux density in that band is negligible (< 0.2 %) as compared to the whole radiant flux density or that in the near-infrared band.
This data set was used to develop a method for estimating the effect of the atmosphere on the pyranometer-based albedo measurements.
Results
Simulations
The calculated broadband black-sky albedo α 0 bb is shown in Fig. 2a as a function of the simulated blue-sky albedo α bb . Data for all land cover types, solar zenith angles and AOD values are included. The results for the different solar zenith angles are colour-coded, but the land cover types or AOD values are not specified. As an example, the results over grass are presented in Fig. 2b . The horizontal lines in Fig. 2 are caused by the AOD, which affects the blue-sky albedo but not the black-sky albedo. The strong variation of the bluesky albedo for the range of AODs studied here clearly shows the importance of atmospheric correction for black-sky measurements. The results over a single surface (grass, Fig. 2b ) are similar. Although the effect of the atmosphere is not large for the standard atmosphere (ASTM Standard G173-03) (Table 1), the whole range of AOD values causes a drastic variation in the simulated values.
The relative difference between the simulated blue-sky surface albedo and the corresponding black-sky albedo, i.e. (α bb − α 0 bb )/α 0 bb , is plotted in Fig. 3 as a function of the simulated blue-sky albedo for the whole data set and separately for different solar zenith angles. The relative difference clearly depends on the solar zenith angle; at small solar zenith angles the blue-sky albedo is mostly smaller than the corresponding black-sky albedo, but at a solar zenith angle of 
70
• the blue-sky value is mostly the larger of the two. This is in accordance with previous studies (Lucht et al., 2000b) . The range of variation of the relative differences is similar for all angles. The effect of the atmosphere can be more than 20 %.
The ratios of the calculated blue-sky and black-sky albedo values versus the aerosol optical depth at 440 nm and the diffuse radiant flux density are shown in Fig. 4 for the whole data set used in the simulations. These results will be used in designing the regression formulas of Sect. 4.2.
The atmospheric optical depth usually decreases with increasing wavelength. Therefore, the radiant flux density is less attenuated at near-infrared than shorter wavelengths, and the irradiance spectrum at the surface is different from that at TOA with relatively larger attenuation at wavelengths in the UV/VIS than in the NIR range. On the other hand, for most of the studied reflectance spectra (Fig. 1 ) the reflectance is higher in the near-infrared region than in the visible region. Smaller attenuation and higher reflectance in the nearinfrared wavelengths leads to higher broadband albedo estimates than would occur without the atmospheric effect. The only target which systematically has a clearly smaller reflectance in the near-infrared band than in the visible band was snow, which has the highest broadband albedo values of the whole data set. Accordingly, snow albedo (α bb value > 0.6 in Fig. 3 ) was mostly less overestimated in low solar zenith angle cases.
The simulations have been made with the assumption of an ideal pyranometer. In practice, sometimes a cosine correction is needed for large solar zenith angle values (Sect. 2.2) and typically leads to a reduction of the true albedo (Michalsky et al., 1995) . Hence, the cosine correction would shift the relative differences for a solar zenith angle of 70 • (Fig. 3b) a few percent upward.
The relative difference in the blue-sky and black-sky surface albedo values due to differences only in ozone or water vapour amounts was on average smaller than 0.3 %, and in 95 % of the simulated cases it was smaller than 0.8 %. 
Regression formulas
The data presented above clearly demonstrate the complex relation between the black-and blue-sky broadband surface albedos. Due to the complex nature of the diffuse radiation component (Bird and Riordan, 1986 ) and the varying shapes of the diverse land cover type spectra (Fig. 1) , it is not possible to derive a simple analytic relationship between the black-sky surface albedo α 0 bb and the blue-sky albedo α bb . To provide a correction which takes into account the atmospheric effect, an empirical regression between the blackand blue-sky surface albedo of the form α bb (1 + ...) was sought. The parameters included were the AOD values at two wavelengths (τ 440 and τ 870 ), the solar zenith angle (θ z ) and the direct (I dir ) and diffuse (I diff ) radiant flux densities. The mathematical formulation of the correlation is sought to resemble expressions in the diffuse radiation components (Bird and Riordan, 1986) and the observed relationships (Fig. 4) Table 2 , and the coefficient of determination for the regression was 0.999 when all τ 440 , τ 870 , θ z , ozone and water vapour amount values and all spectra were included. The correction term reduces to c 0 , when I diff = 0, τ 440 = 0 and τ 870 = 0; the value of c 0 > 1, which is due to a small contribution from Rayleigh scattering. With no atmospheric effect c 0 would be exactly 1. Regression parameter values were also derived for subsets of certain targets: (1) grass, (2) forest, (3) water, snow and ice and (4) mixtures of rock. For all other targets than water, snow and ice, the parameter c 0 is slightly larger than unity, as expected. For water, snow and ice, the functional form of Eq. (10) is not optimal. This is understandable because the snow and ice spectra are the only ones for which the reflectance essentially decreases with increasing wavelength. As the characteristics of the snow spectrum vary over a wide range depending on impurities and water content Wiscombe and Warren, 1980) , the available snow spectra are not considered sufficiently representative to suggest deriving a snow specific set of regression parameters. Equation (10) is written so that it uses both AOD and the direct and diffuse flux density values, because often they are measured independently. Another alternative to use this regression formula is to estimate the direct and diffuse flux density values from the AOD as described in Sect. 2.1 (Bird and Riordan, 1986) . In clear-sky conditions the diffuse radiation value may be so small that its measurement inaccuracy starts to deteriorate the albedo estimates based on Eq. (10). Also, the integration time of the measurements of AOD and the flux densities may differ so much that the measured values do not represent the same conditions. Then it is better to estimate the flux density values from the measured AOD values when using Eq. (10).
Using Eq. (10) for correction of measured albedo values requires simultaneous data of AOD, which is not always available. Therefore, another regression equation was derived for cases when only the (direct and diffuse) solar radiant flux density values are available for atmospheric correction:
The values for the regression coefficients d 0 , d 1 and d 2 are given in Table 3 . The coefficient of determination for this regression was also 0.999. It should be noticed that the simulated values of I diff are based on the AOD values, so the AOD information is included in this equation implicitly, though not explicitly. Again, separate parameter values are also given for the various targets. When applying this equation, the measured solar radiant flux density values are input as such without any correction for the varying Sun-Earth distance, which is used here only as a scaling factor to achieve reasonable size regression coefficients. The black-sky albedo estimation (Eqs. 10 and 11) was applied to the studied land cover spectra and calculated direct and diffuse solar radiant fluxes. The results are presented in Fig. 5 , which shows the absolute differences between the estimated and true black-sky albedos as function of the bluesky albedo. Figure 5 shows that the absolute differences are mostly quite small. The 90 % relative error quantile is about 8 %. Comparison with Fig. 3 shows that also the relative differences are substantially reduced. The estimation accuracy decreases rapidly when the solar zenith angle exceeds 60 • . Table 3 . The values of the regression parameters for the empirical relationship of Eq. (11) between the simulated pyranometer measured broadband surface albedo and the corresponding broadband black-sky albedo. Equation (11) produces almost as good black-sky albedo estimates as Eq. (10), but for large solar zenith angles it is clearly poorer. The mean and the relative mean difference of all atmospherically corrected and true black-sky albedo values are shown as solid red curves in Fig. 6 for Eqs. (10) and (11) using the general regression parameter values of Tables 2 and 3 . The corresponding 90 % quantile values for the difference and relative difference of the atmospherically corrected and true black-sky albedo values are shown in solid blue curves. The corresponding differences between the blue-and blacksky values are shown as dashed curves. Obviously Eq. (10) produces only slightly better black-sky albedo estimates than Eq. (11), but in both cases the atmospherically corrected albedo estimates are markedly closer to the black-sky values than the blue-sky albedo values. The reason that the correction is less important for the solar zenith angle value of about 60 • is demonstrated by Fig. 3 ; the sign of the correction changes at about that solar zenith angle value.
The atmospherically corrected (black-sky) albedo estimatê α 0 bb deviates from the black-sky value α 0 bb by about 0.007 for both regression equations, whereas the uncorrected albedo α bb deviates from the black-sky value α 0 bb by an average of 0.016. The corresponding relative difference values are 3.2 and 6.7 %, respectively. However, more important is that the atmospheric correction removes large errors so that the deviation from the true value |α bb − α 0 bb | is on average in 90 % of the cases smaller than 0.016 (Eq. 10) and 0.019 (Eq. 11) and the relative error is smaller than 7.1 % (Eq. 10) and 7.2 % (Eq. 11). For the uncorrected albedo α bb , the corresponding deviations are 0.039 and 13 %. The largest difference between the simulated blue-sky albedo and the corresponding black-sky value was at nadir 0.11, which was reduced to 0.044 (Eq. 10) and 0.066 (Eq. 11) by the atmospheric correction. Although large solar zenith angle values (∼ 70 • ) naturally are problematic for measurements (for cosine response, for example), it must be emphasized that the atmospheric effect is non-negligible also when the Sun elevation is high.
Using regression parameter values optimised for the target in question (Tables 2 and 3 ) naturally improved the results when applying Eqs. (10) and (11). For example, for grass the 90 % quantile of the albedo difference was on average 0.0006 and the corresponding relative difference was 3.8 %. However, the number of individual spectra in each target class was so small (10 ... 18) that it is difficult to determine how much of the improvement came from not having variation enough in the grass data set. Hence, it is considered safer to apply the general regression parameter values unless a large number of site specific spectra are measured outdoors in varying weather conditions for regression parameter retrieval. A site classified as grass may not always contain just grass. There may be dead leaves, snow or water pools on it, or the grass may be withered or burned.
Cabauw data
The method for estimating the effect of the atmosphere on the measured broadband albedo was tested with real data using simultaneous albedo, AOD and direct and diffuse solar radiant flux density measurements at Cabauw. The one minute averages of the diffuse and direct radiance and the 10 minute averages of the albedo closest to the AOD measurement time (every 15 minutes in clear-sky conditions) were chosen. The atmospherically corrected albedo values were obtained by application of Eq. (10) to the measured albedo. First, the calculations were carried out by estimating the solar direct and diffuse radiant flux density from the AOD data in the same way as in the simulation calculations. The results are presented in Fig. 7 , which shows the relative differences between the atmospherically corrected and the measured values of the blue-sky surface albedo as function of the solar zenith angle. Figure 7 shows that due to the effect of the atmosphere the albedo α bb is overestimated by up to 5 %. The atmospheric correction decreased the average albedo from 0.25 to 0.24, but the standard deviation increased at the same time from 1.8 to 1.9 %. It is noted that the albedo values were not normalized with respect to the solar zenith angle, and therefore some variation is due to differences in the solar zenith angle. Also, the change of season from February to July causes albedo variations due to biologically-induced (grass grows, mowing, grazing of sheep) and other changes of the surface characteristics. Using Eq. (11) instead of Eq. (10) produced albedo estimates closer to those measured. This is due to the fact that the simpler regression of Eq. (11) does not sufficiently compensate for large solar zenith angles (Fig. 7) .
Discussion
When the measured direct and diffuse solar radiant flux density values were used in applying Eq. (11), the results were about the same as when they were estimated from the AOD values as shown in Figs. 8 and 9 . Interestingly, the problem of large solar zenith angles was much reduced when measured values for the solar direct and diffuse radiant flux density were used. When Eq. (10) was applied, the scatter in the data increased somewhat, especially at the highest albedo values (which correspond to the largest solar zenith angle values). This may be caused by the slight temporal mismatch of the various measurements. The AOD values were provided irregularly with a time signature of seconds, and the direct and diffuse solar radiant flux density values were one minute averages, whereas the global and reflected radiation values were integrated over 10 min. Thus, it is recommended to use either Eq. (10) with only AOD data (used also for retrieval of I dir and I diff ) or Eq. (11) with measured direct and diffuse radiation. The small bias of 0.004 and almost unity slope (1.01) of the relationship between the two albedo estimates (Fig. 9 ), whose correction terms have different data sources (measured AOD or direct and diffuse solar radiant flux density), supports the choice of these two methods as reliable alternatives. The bias is related to large solar zenith angles, which are less well taken into account by the simpler Eq. (11). (The high value of the coefficient of determination is caused by internal correlation, because both albedo estimates are derived by multiplying the measured albedo by a correction factor.) For comparison, when the albedo estimates based on Eq. (11) would be calculated using AOD data, the corresponding relationship would be y = −0.026 + 1.12 · x. The atmospheric correction presented requires besides the normal pyranometer measurements (global radiant flux density and reflected radiation) only AOD values for at least two wavelengths to determine the spectral behaviour (Eq. 10). Preferably the wavelengths are 440 and 870 nm as used in the AOD measurements, but using Eq. (8) the AOD values for these wavelengths could also be estimated from two other wavelengths. No BRDF is needed when using the model. If measured values of the direct and diffuse solar radiant flux densities are available, they can be used. Otherwise, if the AOD is known, the direct solar radiant flux density can be calculated from the solar zenith angle and the solar constant using Eq. (6). Then the diffuse component is the difference of the measured global radiant flux density and the direct solar radiant flux density.
The regression parameters presented here were derived to be applicable to various kinds of land cover spectra. For permanent measurement sites, one might improve the accuracy by replacing the spectra used in the simulations with spectra specific for that site. Also, the solar zenith angle effect could be better taken into account if the regression parameters were derived separately for all angles. (However, the number of individual points is already large and each additional angle would require calculation of 28 971 individual points.) Yet, the current method with constant coefficient values can be applied to estimate the magnitude of the effect of the atmosphere on the broadband surface albedo measurements, independent of any satellite data. Climatological AOD characteristics could be used instead of Sun photometer measurements to estimate the site-specific atmospheric effect.
Conclusions
The effect of the atmosphere on the measured broadband surface albedo can be as high as 20 % (relative). The magnitude of the error depends on the solar zenith angle and the aerosol optical depth. When the solar zenith angle is about 60 • , the various effects of the atmosphere tend to compensate each other, so that the blue-sky albedo value is closer to the blacksky albedo value than when the solar zenith angle is smaller or larger than that.
A robust method was developed for estimating the effect of the atmosphere on broadband surface albedo values measured using ground-based pyranometers. The input values needed are the global and reflected radiation values and aerosol optical depth values at two wavelengths. Alternatively, it is possible to use the direct and diffuse solar radiant flux density data instead of the aerosol optical depth values. The accuracy decreases with increasing solar zenith value for both alternatives. The average accuracy for blacksky albedo estimation based on albedo and AOD data was estimated to be 0.007, and in 90 % of the cases it is on average 0.016. When using measured direct and diffuse solar radiant flux density values instead, the albedo estimation accuracy is about the same.
Although the method was developed in response to requirements for validation of satellite-based albedo estimates, it is not dependent on any satellite instrument. It provides a possibility to separately study the effect of the atmosphere on the surface albedo estimation without the complication of the heterogeneity of land cover, which is always problematic when using satellite data for albedo estimation.
